Summary Having higher bone mineral density (BMD) during growth is complexly infl uenced by many factors. For example, nutrition and physical exercise are key factors. However, few studies have investigated the combined effects of these factors. In this study, we investigated the effect of physical exercise and different levels of protein intake on BMD and bone strength of growing male rats. Forty-seven male Wistar rats (5 wk old) were randomized into 10% (Low), 20% (Moderate) and 40% (High) protein diet groups, and each group was further divided into exercise groups (LEx, MEx, HEx) or non-exercise groups (L, M, H). Exercise group rats were trained 6 d per week on a treadmill (25-30 m/min, 60 min) for 60 d. After being sacrifi ced, their BMD and bone strength were evaluated. The BMD of tibia, femoral breaking force and energy were signifi cantly lower in the low protein diet groups than the other diet groups. In particular, the femoral breaking energy was signifi cantly lower in the HEx group than in the H group, while there were no differences between LEx and L or MEx and M. Taken together, our data suggests that a low protein intake could suppress acquisition of bone mass and increasing bone strength during growth. Moreover, a high protein intake could also suppress bone strength during growth in which physical activity was vigorously performed. Therefore, sustaining an adequate protein intake level, around 20% protein intake, may be of signifi cance for increasing not only bone mass but bone strength during growth.
It is generally well accepted that physical activity is important for having higher bone mineral density (BMD) during growth (1) . Bone mass or strength is closely associated with the risk of fracture. A higher peak bone mass, defi ned as the highest level of BMD or bone mineral content (BMC) reached during life, could reduce the fracture risk.
In addition to physical activity, various nutritional factors complexly infl uence growth of bone mass. In particular, protein, a component of bone matrix, is essential for increasing bone mass and strength. An adequate protein intake is positively related to sufficient BMD or BMC during the growth period (2) . Protein defi ciency could decrease the secretion of insulinlike growth factor 1 (IGF-1) (3), which may prevent normal growth of bone mass. Moreover, the negative effect of a low protein intake was seen in the growth of tibial length in growing male rats when participating in physical exercise (4) . Conversely, a high protein intake results in higher urinary calcium (Ca) excretion, which may lead to accelerated bone resorption (5) . Although the harmful effect of a high protein intake on bone mass during growth has not been reported before, it is possible that a high protein intake would have a negative effect on bone mass. Among growing individuals in Japan, dietary protein intake seems to be higher than the usual recommended dietary allowance (6, 7) . In particular, although people involved in physical training have high protein intakes (8, 9) , few studies have investigated the effects of different levels of protein intake and physical exercise on BMD or bone strength. Ribeiro et al. (4) demonstrated that when combined with swimming exercise, a high protein intake of 28% did not have an additional effect on tibial length compared with a moderate protein intake of 21% in growing rats. However, they did not investigate the effect of loading stress on BMD or bone strength.
Accordingly, in this study, we investigated the effect of different levels of protein intake and running exercise on BMD and bone strength in growing male rats. The purpose of this study was to acquire knowledge about nutrition and physical exercise for increasing bone mass or bone strength during growth.
MATERIALS AND METHODS
Experimental animals and protocol. Forty-seven male Wistar rats, 5 wk of age were obtained from CLEA Japan, Inc. (Tokyo, Japan). Rats were randomized into the 10% protein (Low protein intake), 20% protein (Moderate protein intake) and 40% protein (High protein intake) groups. Each group was further divided into exercise groups (LEx, Low protein intake with exercise; MEx, Moderate protein intake with exercise; HEx, High protein intake with exercise) or non-exercise groups (L, Low protein intake with non-exercise; M, Moderate protein intake with non-exercise; H, High protein intake with non-exercise). The experimental period was 11 wk. The animals were individually housed at 23Ϯ1˚C and humidity of 50Ϯ5%, on an inverted 12/12 h light/dark cycle. All animals received food and water ad libitum. Body weight and food intake were measured at 48 h intervals throughout the experimental period. All experimental protocols in the present study were approved by the Committee on Animal Research at the University of Tsukuba.
Experimental diets. Each group received a different level of protein in its diet, 10%, 20%, or 40% of diet weight. The recommended dietary percentage of protein for growing animals is 17.9% (10), so we used 10% protein as a low protein intake, 20% protein as a moderate protein intake, and 40% protein as a high protein intake. In all three diets, calcium (Ca) and phosphorus (P) contents were identical. These diets were controlled 0.6% (Ca) and 0.6% (P). The diet composition is described in Table 1 . Each diet was burnt to ash at 600˚C for 15 h in the electronic furnace (Hi-temp Oven, DR200, Yamamoto Inc, Tokyo), and the resulting ash was dissolved in 1 N nitric acid. Ca concentration was measured by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICAP-AES-575v Nippon Jarrell-Ash, Japan). P was measured by the Fisk-SubbaRow method (11) .
Exercise. Exercise group rats were trained 6 d per week on a treadmill (KN-73, Natsume, Tokyo). The running speed and time were gradually increased (10-25 m/min, 10-60 min). Regular training started on the 17th day, and the running speed was increased even more (25-30 m/min). Finally, the rats ran for 60 consecutive minutes (27-30 m/min). The training period was 60 d. This running speed (30 m/min) corresponds to 60-70% VO2max for rats (12) . To this training was added a warm-up session (15 m/min, 5 min) and a cooldown session (15 m/min, 5 min), for a total exercise time of 70 min.
Dissection. After 11 wk (16 wk of age), rats were fasted for 12 h and dissected. The femur and tibia were collected, and cleaned of adjacent tissues. The femora were immediately measured for length, and stored at 4˚C for later mechanical testing. The tibiae were stored in 70% ethanol for the bone mineral density assessment. In addition, skeletal muscles (quandriceps femoris, soleus, gastrocnemius, and plantaris) and abdominal fat were removed, and the wet tissue weights were measured. Bone mineral density. The BMC and area of whole tibiae were analyzed, and the BMD was calculated based on these data by dual-energy X-ray absorptiometry (DXA: Aloka DCS-600R) (13) .
Femoral weights and mechanical testing. Femoral length was measured with a precision caliper. The femoral breaking force and energy were measured by the three point bending method using a bone strength measuring apparatus (Iio Co., Japan) as described in a previous report (14) . Subsequently, the femora were dried at 100˚C for 24 h in the electric furnace, and we measured the dry weight. Next, the dried femora were turned to ash at 600˚C for 15 h, and we measured the ash weight. The data of femoral breaking force and energy were adjusted to the dry weight (the adjusted breaking force and energy) to exclude the infl uence of body mass.
Statistical methods. The results are expressed as the meanϮstandard error of the mean (SE) and were analyzed with SPSS (version 12.0 J; SPSS Inc., Chicago, IL, USA). The data were analyzed using a two-way analysis of variance (ANOVA). If a signifi cant interaction was detected, the post hoc Bonferroni test was employed for all multiple comparisons. If a signifi cant interaction was not detected, the post hoc Tukey test was employed for multiple comparisons among the exercise groups and the diet groups. Statistical signifi cance was accepted at the pϽ0.05 level.
RESULTS

Food intake and body weight
At the beginning of the experiment, body weight did not differ among the groups. At the end of the experimental period, the food intake was signifi cantly lower in the LEx, MEx, and HEx groups than that in the L, M, and H groups, respectively (pϽ0.001). Therefore, the fi nal body weight was signifi cantly lower in the exercise groups than in the non-exercise groups, respectively (pϽ0.001). Among the non-exercise groups, the food intake was signifi cantly lower in the H group than in the L and M groups (pϽ0.05 and pϽ0.001, respectively). Moreover, the fi nal body weight was significantly lower in the L group than in the M and H groups (pϽ0.001), whereas there were no differences among exercise groups (Table 2) . Two-way ANOVA revealed the interactions between exercise and dietary protein in fi nal body weight (pϽ0.05), body weight gain (pϽ0.01), food intake (pϽ0.01), energy intake (pϽ0.01), and food effi ciency (pϽ0.01).
On the other hand, the lower leg muscles (soleus, gastrocnemius, and plantaris) were not signifi cantly different among any groups. In the weights of abdominal fat/100 g body weight, the exercise effect (pϽ0.001) was noted, with lower values in the exercise groups ( Table  2 ). The moderate protein diet groups showed higher values when compared to the low protein diet groups (pϽ0.001) or the high protein diet groups (pϽ0.05).
BMD
Dietary protein effects were obtained in the BMD of tibia (pϽ0.05), and were signifi cantly lower in the low protein diet groups than the other diets (pϽ0.05) (Fig.  1) .
Bone characteristics
In femoral length, exercise and dietary protein effects were obtained (pϽ0.001 for exercise; pϽ0.05 for dietary protein). The femoral length was signifi cantly lower in the exercise groups than in the non-exercise groups. It was also signifi cantly lower in the low protein diet groups than the moderate protein groups (pϽ0.05). On a-c Signifi cantly difference between groups for a given variable (mean values with unlike superscript were signifi cantly different, pϽ0.05). 1 Breaking force and energy adjusted to the dry weight. B) Data were analyzed by two-way ANOVA at the 5% level of signifi cance. ExerciseϫProtein means interaction. "ns" indicates not signifi cant. the other hand, only exercise effect was obtained in the dry weight and ash weight of femur (pϽ0.001). The dry weight and ash weight of femur were signifi cantly lower in the exercise groups than in the non-exercise groups (Fig. 2) .
Bone breaking force and energy
A signifi cant interaction (exerciseϫdietary protein) was detected for femoral breaking energy (pϽ0.05), whereas not for femoral breaking force. Dietary protein effect was obtained in femoral breaking force (pϽ0.001) and the low protein groups were signifi cantly lower than the other diet groups ( Table 3 ). The femoral breaking energy was also signifi cantly lower in the low protein diet groups than the other diet groups (pϽ0.001) ( Table 3 ). In particular, the femoral breaking energy was signifi cantly lower in the HEx group than in the H group (pϽ0.05), whereas there were no differences between LEx and L or MEx and M groups. A signifi cant interaction (exerciseϫdietary protein) was detected for the adjusted breaking force and energy (pϽ0.05 and pϽ0.001, respectively). The adjusted breaking force was signifi cantly lower in the HEx group than in the H group (pϽ0.05), whereas there were no differences between the LEx and L or the MEx and M groups. In particular, the adjusted breaking energy was signifi cantly higher in the MEx group than in the M group or other exercise groups (pϽ0.01), although there were no differences between the LEx and L or the HEx and H groups.
DISCUSSION
We investigated the effects of different levels of protein intake and physical exercise on BMD and bone strength in growing male rats. This study demonstrated that a low protein intake suppressed acquisition of bone mass and increasing bone strength during growth periods. In particular, a high protein intake suppressed increasing bone strength during growth in which physical activity was vigorously performed.
In the present study, we showed the effect of different levels of protein intake in the BMD of tibia. Prior research reported that a low protein intake during growth induced a lower BMD (15) . This supports our result that the BMD of the tibia was signifi cantly lower in the low protein diet groups than in the other diet groups. On the other hand, there was no difference among the moderate protein diet groups or the high protein diet groups. A cross-sectional study among elderly women showed a positive relation between protein consumption and bone mass (16); more positive bone status was observed among participants with protein intakes of Ͼ87 g/d (nearly 80% above the dietary reference value of protein in the USA) than those with protein intakes of Ͻ66 g/d. However, our result showed a different effect of a high protein diet on the BMD of tibia during the growth phase. Therefore, the effect of a high protein intake on bone mass may differ according to age, so more studies in growing models are necessary.
Consistent with the results of BMD, the low protein intake was absolutely shown to have a detrimental effect on the bone strength. Interestingly, the harmful effect of physical exercise was observed on the femoral breaking energy in the high protein group, while not shown on the BMD. Although voluntary wheel running (17) , jumping (18) , treadmill running (19) have demonstrated the benefi cial effects of increased load on bone mass or mechanical properties of the femur, tibia, and humerus, the effects of physical exercise were not similar among the different levels of protein intake in our study. Seventy percent of bone strength depends on its density and 30% depends on its quality (20) . The bone quality is determined by the degree of bone mineralization, microdamage accumulation, bone size, collagen crosslinks formation and bone turnover rate (21) . Thus, the reason for the lower bone breaking energy in the HEx group than in the H group might be the bone quality. Ribeiro et al. (4) reported that an increase in dietary protein (28%) for growing rats when combined with swimming exercise could not increase bone length or muscle weight. Moreover, in adults, the effect of chronic acid load caused by a high protein intake can induce bone resorption (22) . Taken together, these results suggest that a high protein intake might make it diffi cult to add to the positive effect on bone mass or bone turnover during a growth phase. It should be noted that although Chevalley et al. (2) reported that in physically active prepubertal boys, even protein intakes above the median were associated with greater bone mass gain in various skeletal sites, this observation was not taken as a scientifi c basis to consider excessive protein intakes for children. So we have not reached a close consensus on the effect of a high protein intake on BMD or bone strength compared with the study results of Chevalley et al. (2) in prepubertal boys.
Physical exercise and the amount of dietary intake strongly infl uence the change of body mass, which strongly affects the bone mass status (23, 24) . In the present study, the exercise groups had lower food intakes despite the expenditure of physical activity-related energy, which may have led to lower fi nal body weight and femoral dry weights compared with the non-exercise groups (Fig. 2) . Thus, the status of energy balance might have been different between the exercise and non-exercise groups. Accordingly, we tried to analyze the femoral breaking force and energy followed by the adjustment to the dry weight to exclude the infl uence of body mass. As a result, the adjusted femoral breaking force was also signifi cantly lower in the HEx group than in the H group, and in contrast, the adjusted femoral breaking energy was signifi cantly higher in the MEx group than in the LEx or HEx group. These results, at least in part, support the fragility of bone strength in the high protein intake group combined with physical exercise. However, to clarify the effects of a high protein intake on bone mass or strength when performing physical activity in detail, it would have been important to add pair-feeding groups with non-exercise to the present experimental setting.
Our study had several limitations. The fi nal body weight was signifi cantly lower in the exercise groups than in the non-exercise groups. As mentioned above, growth of bone is considerably infl uenced by body mass. In fact, femoral length, dry weights of femur, and femoral breaking force were signifi cantly lower in the exercise groups than in the non-exercise groups. Therefore, we were not unable to adequately describe the relation of age-related growth and benefi ts of physical exercise.
In summary, the present study demonstrated that a low protein intake, half of the 20% moderate protein intake, suppressed acquisition of bone mass and increasing bone strength during growth periods. On the other hand, a high protein intake, two times the 20% moderate protein intake, was not seen to have a better effect on bone mass or strength compared with a moderate protein intake. In particular, a high protein intake did not further promote the effect of physical exercise on bone mass or strength, although a moderate protein intake combined with the exercise were seen to have an additional effect on bone strength. Our data suggest that sustaining a moderate protein intake level in the diet, around a 20% protein level, may be of signifi cance for obtaining higher bone mass and bone strength in growing rats.
